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ABSTRACT 

Observations suggest that high-redshift galaxies are either very dusty or essentially dust free. 
The evolution from one regime to the other must also be very fast, since evolved and dusty 
galaxies show up at redshifts corresponding to a Universe which is only about 500 Myr old. 
In the present paper models which predicts the existence of an apparent dichotomy between 
dusty and dust-free galaxies at high redshift are considered. Galaxies become dusty as soon as 
they reach an evolved state and the transition is very rapid. A special case suggests that while 
stellar dust production is overall relatively insignificant - contrary to what has been argued 
recently - it can at the same time be consistent with efficient dust production in supernovae in 
the local Universe. Special attention will be given to the recent discovery of a dusty normal 
galaxy (A1689-zDl) at a very high redshift z = 7.5 + 0.2. 
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1 INTRODUCTION 

In the early Universe, when the Universe was less than a few 
hundred Myr years old (redshifts z > 6), evidence is lacking 
of the cold dust seen in the local Universe, except in huge, ex¬ 
treme starburst galaxies (SBG:0) with large molecular-gas masses 
of about 10 10 Mq and e stimated star-formation rates (SFRs) of 
a few times 10 3 Mp, yr -1 dRiechers et alj|20l3 : iMichalows ki et al.l 
l20ld : IWalter et alJl2003h . ‘Normal’ galaxies appear to be essen¬ 
tially dust free, with a prototypical example being the luminous 
blue galaxy (LBG) ‘Himiko’ (z = 6.6), for which the estimated star- 
formation timescale is t * = AWs/SFR — 150 Myr dOuchi et al.l 
l2013l : lFisher et al .120141) . Himiko is metal-poor and gas-rich galaxy 
with a metallicity that is only a few percent (at most) of the so¬ 
lar value Zq and essentially no molecules and dust emission de¬ 
tected. An upper limit to the dust-to-stellar mass ratio of 5.0 10~ 4 
can be derived, though. It is believed that the local starburst galaxy 
I Zw 18, with a metallicity Z = 0.04 Zq, is a good analogue at 
low redshift. I Zw 18 is also essentially dust free, with an estimated 
dust mass of 450 - 1800 Mq and if Himiko has a similar dust-to¬ 
gas mass ratio, it would have a dust mass which falls two orders of 
magnitude below local SBGs of similar stellar mass dFisher et al.l 
120141 ). In general, it seems that high-redshift normal galaxies have 
very little molecular gas and typi cally no infrared/sub-mm contin¬ 
uum detections jTan et ali2013l . L014r) . which indicate that many of 
these galaxies are metal-poor and more or less dust-free. Moreover, 
Ijiang et all 42006) have also found that some quasar-host galaxies 
at high redshift (z ~ 6) appear to be essentially without hot dust, 


1 An SBG is here defined as a galaxy that is going or has gone through an 
extreme phase of star formation, which differs from the empirical definition. 


which may also be an indication of dust deficiency at low metallic¬ 
ity. 

Explaining the high dust masses found in massiv e, extreme 
SBGs at high redshifts is a challenge (see, e.g., Mattsson 201 lh . 
A simple hypothesis is that stars in these systems form according 
to a top-heavy initial m ass functio n (IMF) combined with efficient 
stellar dust production l lGall, Andersen & Hi orthl 12011 al fbh. How¬ 
ever, that requires a very low rate of dust destruction due to sput¬ 
tering and other processes associated with supernova (SN) shock- 
waves, which is why dust condensation in the interstellar medium 
(ISM) has bee n considered to be an crucial ingredient in dust evo¬ 
lution models l iKuo & Hirashitall2012i : lMattssonll201 lh . In fact, in¬ 
terstellar grain growth appears to be needed in the Milky Way too 
(Zhuk ovska. Gail & Tr ieloff 200 8b and probably also in othe r late- 
type galaxies I Mattsson et al.ll2014bl : iMattsson & Anderser]|20l2l : 
I lirash itall 1999 ), which would suggest that condensation in molec¬ 
ular clouds in the ISM is more important than stellar dust produc¬ 
tion. \eh_detections oftogec[uantitiesofcold dust in SN remnants 
(e.g. lMatsuura et aUl201 ll : lGomez et al.ll2012h are indicative of ef¬ 
ficient dust production. The dust-mass_estimates are still uncertain 
and a matter of debate (see e.g. [Mattsson et al.l2015l and references 
therein), but local SNe are definitely producing significant amounts 
of dust. If dust production is effectively due to stars it would ex¬ 
plain why the dust-to-metals rati o in galaxies seem to show only 
small variations JZafar & Watsonll2013l) . but measurements of dust 
depletions are suggesting that the overall efficiency of dust produc¬ 
tion in SNe is either low or increasing with metallicity (De Cia et 
al. 2013; Mattsson et al. 2014 - henceforth cited as M14). 

IWatson et alj J2015|) have recently reported a detection of an 
evolved, dusty, normal galaxy (A 1689-zDl) at redshift j = 7.5±0.2. 
This intriguing discovery provides an important piece of the puzzle 
needed to fully understand the origins of cosmic dust. A1689-zDl 
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2 Mattsson 


is not necessarily more challenging to the theory of cosmic dust 
formation than any previously detected high-redshift galaxies with 
large dust masses, but it has two distinctive properties which has 
not been anticipated to appear in combination at that redshift: (1) a 
very high content of stars, metals and dust; (2) a relatively modest 
baryon mass (and thus it is not an extreme SBG). 

It has been shown that stellar sources of dust are likely in¬ 
sufficient I Michalowskii 201 ill. which opens up for other interpre¬ 
tations. iMancini et al.l J2015h suggested rapid interstellar conden¬ 
sation due to high-density molecular gas, but that may not apply 
globally. Thus, in this Letter, the role of the critical metallicity for 
efficient condensation is analysed. 


2 MODEL AND HYPOTHESIS 

2.1 Stellar dust and astration/gas-consumption 

The first source of cosmic dust is always the grains expelled by 
stars. In the high-z Universe, stellar dust production must be dom¬ 
inated by massive relatively short-lived stars. Thus, the recycling 
time of the cosmic matter cycle can be considered negligible (holds 
for stars of initial masses Mj„j > 5 Mq) and the timescale for dust 
injection by stars is T^ Uar = y A p^ 1 dp+/dt where y d is the effec¬ 
tive yield, p* is the stellar-mass density, p g is the gas mass density 
and pd is the dust density. But dust is also consumed by stars as they 
form. The gas-consumption timescale is given by r* 1 = p g * dp^/dt, 
which means the astration rate is (dp A ldt) astt = Pdf* 1 - How these 
two timescales compare is crucial for whether stellar dust produc¬ 
tion can be regarded as efficient or not. 


2.2 The dust condensation and destruction timescales 


The evolution of the condensation timescale is due to two basic 
facts: the rate of condensation must be proportional to (1) the num¬ 
ber density of dust n A = p d (tw gr > _1 , where (m gr ) is the average grain 
mass, and (2) the density of available growth species, which in¬ 
troduces a factor p g (Z - Zd), where Zd = Pd/p g , Z = p m a/Pg • The 
growth species are of course in the form of molecules, so the molec¬ 
ular fraction should also enter the prescription. To leading order, the 
local timescale is then given by 

Uo'„d = -J- *1 (m P )~\Z - Z A )p e , (1) 

Pi \ dt I cond 

where 77 is the molecular gas fraction ( !Ml4) . Dimensional analysis 
shows that in order to obtain a timescale, a factor with unit mass 
density per time is needed. It is empirically well established that 
dM stsas /dt oc M mol , which justifies to replace 77 p g with dp*/dt mul¬ 
tiplied by some appropriate factor. The global rate of condensation 
may thus be expressed as 


( 


dzA 

dl /cond 


~ Z d (Z - Z d ) 


f dM st x S 

M gas dt 


with e = e' 


1 

Z-Z d ’ 


( 2 ) 


In case of efficient condensation, i.e., if r cond <K r*, then e ~ 
e' = constant, and one arrives at the prescription used below. 

Dust destruction is mainly by sputtering in the high-velo city 
interstellar shocks driven by SNe. Following iMcKeel Il989i ) the 
dust destruction time-scale is given by rj 4 = p g 1 ( m isM)^SN. where 
(^ism) is the effective gas mass cleared of dust by each SN event 
and Psn is the SN rate, which is obviously proportional to dp*/dt 
at early times. Thus, the time scale r d may be parameterised as 
Tj 1 * Sp~ l dp s /dt, where 8 is the dimensionless dust destruc¬ 
tion parameter. However, small grains are more susceptible to 


destruction by sputtering in SN shock waves than large grains 
dSlavin. Jones & Tielenj2004l ). As discussed in [m3 the timescale 
of dust destruction may therefore not only be inversely proportional 
to the SN rate, but also to the abundance of dust. An adequate modi¬ 
fication to the dust-destruction timescale would then be to introduce 
a dependence on the dust-to-gas ratio Z d , i.e., 


Z d 8 dp s 

Zd, G Pg dt 


(3) 


where Z d ,o is the present-day Galactic dust-to-gas ratio. 


2.3 Timescale comparisons 

The derivative dp A /dp* represents the dust-production rate relative 
to the growth rate of the stellar component. If dp A /dp* is split into 
sources and sinks, one arrives at the equation 


(4) 


lJVUIVCl) UUU OUV UlllYCJ Ul L11V VYjUUUUU 

tfcd/dpd'j /<fad\ i\ / dp A \ 

dp* V dp* I stellar \ dp* Jcond l ^P*/destr l^P*/astr 

where each of the terms on the right-hand side correspond to stellar 
(supernova) production, condensation in the ISM, destruction (by 
sputtering) in the ISM and astration of dust, respectively. 

If the net stellar dust production is negligible, i.e., if the first 
and the last term more or less cancel, the formation of the inter¬ 
stellar dust component will be determined by what happens in the 
ISM and how the condensation timescale compares to the destruc¬ 
tion timescale. (Such a scenario will still correspond to substantial 
stellar dust production at later stages, in accordance with the dusty 
SN remnants found locally.) As a consequence, the dust fraction 
would be expected to make a more or less sudden jump from a 
small initial dust fraction (presumably suppled by an early gener¬ 
ation of stars) to a high degree of dust condensation once a criti¬ 
cal metallicity in the ISM is reached, provided that condensation 
in the ISM is efficient. The existence of such a critical metallic- 
it>0 is well establishe d and should occur just above Z ~ 0.1 Zp, 
for_a norm al galaxy 1 Asano_ej_a]J_ 2(M3 Jkuo & Hirashital I2012I : 


iMattsson. Andersen & MunkhammaJ 2012h and may be the fun¬ 

damental reason why there are both dust-free and dust-rich young 
SBGs in the local Universe and likely also at high redshifts. It is 
therefore of utmost importance to investigate a scenario where stel¬ 
lar dust production and gas consumption have similar timescales 
throughout the course of evolution of the ISM. In such case, the 
evolution of the dust mass is effectively a result of the processing 
in the ISM, i.e., 


dp A \ /dpd\ _^^£±^(^pA _(^P±\ 

dP* /stellar WP*/astr d p* l ^P*/cond Wp*/destr 


(5) 


Assuming instantaneous recycling, this situation would occur if 
V d ~ Z d , which is not to say that y d actually depend on Z d (but 
y A is indeed a function of time). 


2.4 Modelling early dust formation 

Assuming rapid galaxy formation, the ‘closed box’ model is a valid 
approximation for the enrichment of metals. Adopting a ‘closed 
box’ and the instantaneous recycling approximation, the evolution 
of the dust-to-gas ratio Z d is governed by 


2 More precisely, there is critical density of the relevant growth species, 
which is usually obtained within a narrow range of metallicities. 
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dZi = yi I Zd \c( 1 Zd )z 6'Zi] , (6) 3 RESULTS AND DISCUSSION 

dZ y z yz L V Z / d J ’ 

3.1 A universal dust mass and a top-heavy IMF? 


where S' = 5 Zf G and y d , y z are the effective stellar dust and metal 
yields, respectively. The timescales for dust condensation and dust 
destruction in the ISM are defined as in the ‘equilibrium model’ in 
lM14l and parameterised above by e and S', respectively. 

In very young objects all stellar dust production (dust injection 
to the ISM) must be due to SNe/massive stars, since low and inter¬ 
mediate stars cannot have had time to evolve. The importance of 
massive stars as dust producers at early times is unclear. In the local 
Uni verse supemovae seem to produce large amounts of dust (see, 
e.g. lMatsuura et al.l201ll : lGomez et alj2012l) . but estimates of dust 
depletion at different metallicities seem to indicate that earl y ste llar 
dustproduction must have been much less efficient (IDe Cia et al.l 
l2013l : lMl4) . It is therefore reasonable to consider three scenarios: 
(1) a completely supernova-dominated scenario where y d ~ y z ; (2) 
a condensation-destruction equilibrium model of the type discussed 
in lM14l with very limited supernova-dust production (yd = 10 5 ), 
but efficient dust condensation in the ISM; (3) a model similar to 
scenario 2, but with an ISM-dominated evolution where it is as¬ 
sumed that T s teiiar = r*, which corresponds to yd = Zd. A very sub¬ 
stantial part of all dust production is still due to condensation in the 
ISM, but stars will contribute significantly at later stages. Observa¬ 
tional evidence suggest the rate of dust destruction in the ISM must 
be low, since a very high degree of dust condensation would not 
otherwise be possible. The empirical conclusion is therefore that at 
early times, dust destruction is inefficient, which is consistent with 
the prescripti on for the condensation timescale used to arrive at eq. 
[6] above (see lM14l for further details). The ‘equilibrium assump¬ 
tion’ S' = e, leading to a dust-to-metals ratio of 1/2, will be used in 
the following. 

• Scenario (1) where the dust to metals ratio is a constant as¬ 
sumed to be yd /yz = 0.5, corresponds to having 50% of all metals 
in dust to match the local dust-to-metals ratio, which seems to be 
almost universal for evolved galaxies. The model corresponds to a 
high dust-to-metals ratio at all times and can therefore not explain 
possibly dust-free galaxies at high redshift, however. 

• Scenario (2) yields a solution identical to eq. (20) in |M14| 
with e = S'. The reader is referred to that paper for further details. 
With the stellar dust yield taken to be just v d = 10 -5 (to match 
the low M d /M stars of I Zw 18), almost all of the dust mass has to 
be due to dust condensation in the ISM. This model does indeed 
rapidly evolve from an almost dust-free to a dusty regime, but can¬ 
not account for the high dust-formation efficient in SNe suggested 
by observations. This model is included as an example of a model 
which agrees quantitatively with the dust masses in high-z SBGs, 
despite being qualitatively incorrect. 

• Scenario (3) is similar to scenario 2, but letting v d = Z d yields 
a solution of the form, 


Given the results in previous section, the first thing to consider 
might be where A1689-zDl end up in the M d /M stars vs. M stars dia¬ 
gram. As shown in Fig.Qjdeft panel), A1689-zDl follows the trend 
established by other star-form ing galaxies/SBGs at both high and 
low r edshift (data taken from lWatson et al]|2015l : (Rowlands et al.l 
2015) - a trend which corresponds to a common dust mass of 
M d ~ 10 7 Mq. Thus, the dust mass of A1689-zDl and other 
galaxies at high redshift is not peculiar in relation to the stellar 
mass, simply because it is largely uncorrelated with the stellar 
mass. Note, however, that local star-forming dwarf galaxies fall be- 
low this trend, according to recent estimates of their dust masses 
dskibba et al. 11201 l1l2012h . The M d /M stars value of the Milky Way 
(data taken from table 1 in Riechers et alJl20lH) is similar to the 
local dwarf galaxies, but falls on the M d /M stars oc 1/M stars trend 
because of the stellar mass. 

The overall trend corresponds to rfM d /tfM stars = 0 (shown by 
the black line in the left panel of Fig. |TJ, which may appear as evi¬ 
dence of a passive dust evolution along that trend once the galaxies 
have reach an evolved state and become heavily enriched with dust. 
This is not likely the case, however. First, the trend exists over al¬ 
most two orders of magnitude in stellar mass and evolved galaxies 
cannot move much in the M d /M stars vs. M stars diagram since they 
would have converted at least half of their gas into stars. (A dou¬ 
bling of the stellar mass corresponds to ~ 0.3 dex shift.) Second, 
keeping M d close to constant over an extended period of time (at 
least 1 Gyr), should coincide with a low SFR. Hence, the trend seen 
in Fig. Q] is rather an effect of galaxies of different masses having 
different effective metal yields, i.e., y z is decreasing with galaxy 
mass, and the fact that the galaxies are observed during a phase 
when their dust masses are close to their maxima. This phase is also 
relatively long compared to the almost dust-free phase. In the mod¬ 
els constructed specifically for A1689-zDl (see Fig. [I] right panel), 
the time between z = 7.5 and the point when the dust-to-stellar 
mass ratio M d /M stars starts to decline rapidly is about 2.5 Gyr. This 
should be compared to the 0.7 Gyr that had passed from the onset 
of reionisation (z ~ 20) until the time of observation (z. = 7. 50. 

All models shown in Fig. |T] are based on the assumption 
y z - 1-26 x 10 s (M tot / 1 Mq) - 1 . This ansatz is motivated by the 
fact that evolved galaxies seem to have an almost universal dust- 
to-metals ratio of ~ 0.5, although this c onstancy will break down 
for unevolved galaxie s at low metalicity dM14l : lDe Cia et ai]|2013l : 
Zafar & Watson 2013). Thus, the dust mass for evolved galaxies is 
Mi ~ 0.5 ZM gas , which implies that the mass of metals ZM gas is 
roughly a universal constant too for evolved systems, because in 
such case M d ~ constant. By taylor expansion one can easily show 
that for a slowly varying metallicity Z 1, a yield y z or 1 /M tot 
corresponds to Z M gas = M d = constant to first order. 

3.2 Model results 


Z d (Z) = 2 


.£ + S' 


1 d£ 
ydl 


}_df 0 
ydZ 0 


e to-t 

Zf{ 0) 


(7) 


where F(z) is a Dawson function with argument z, y = y z e, 
£ = Z + y 2 /4Z 2 , ft = Z„ + y 2 /4Z 2 and Z = Z/y z , Z„ = Z„/y z . To 
obtain the dust/no-dust dichotomy, the initial dust-to-gas mass ratio 
Z d should be roughly 1% of the initial metallicity Zo, which must 
be orders of magnitude smaller than the final metallicity. 


In scenario 1, that was discussed above, the dust simply follows 
the metal production. Hence, if the metals are there, so is the dust 
and there would be no problem having young dusty and metal-rich 
galaxies at any redshift as long as they has formed enough stars to 


3 Assuming a ACDM universe with DM, dark energy and baryonic density- 
parameter values of (fl m , D,(, n d ) = (0.3,0.7,0.04) and a Hubble constant 
Hq = 70 km s -1 Mpc~'. 
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Figure 1 . Left panel: models (grey lines) for different baryon masses compared to observed dust and stellar masses for local as well as high redshift objects. 
Dotted lines correspond to scenario 1, dashed lines to scenario 2 and solid lines to scenario 3 (see text for details). The solid black line shows the a = 0 case 
for Md » 10 7 Mq. For the z = 6.6 galaxy ‘Himiko', the plotted range in dust mass is based on the observational upper limit (no detection) and the expected 
dust mass using I Zw 18 as template. The shaded region shows where the metal-poor, dust-free galaxies should appear in the diagram if such small amounts 
of dust could be detected. Right panel: best fit models for A1689-zDl (z = 7.5) assuming a baryon mass M tot = 3.7 10 9 Mq and gas-consumption timescale 
r* 1.0 Gyr. The numbers above the x-axis indicate the age of the Universe in Gyr at redshifts z = 5,7.5,10,15, assuming a canonical ACDM Universe. 


supply the metals. However, this simplistic model will fail if not all 
young galaxies at high redshift have relatively high dust-to-stellar 
mass ratios (see grey dotted lines in the left panel of Fig.[TJ. If I Zw 
18 is prototypical for very metal-poor SBGs in general and such 
systems can be found in the early Universe too (e.g., the galaxy 
Himiko at redshift z = 6.6), then SBGs cannot have a constant 
dust-to-metals ratio at all metallicities either. 

The problem with scenario 1 can in principle be solved by 
adopting scenario 2. If the effective stellar dust yield is very small 
(recall that here y A = 1CL 5 is assumed), low dust-to-stellar mass 
ratios like that in I Zw 18 will be inevitable in metal-poor galaxies 
(see grey dashed lines in Fig.Q}. If vz <x 1 /M tot , this model can also 
reproduce the trend, since dust condensation in the ISM will 
set in once the critical metallicity is reached and compensate for the 
lack of stellar dust production. Following |Ml4 the models shown 
assume e = S' = 7.5 ■ 10 2 , which corresponds to rapid dust conden¬ 
sation and matches the expected dust-destruction timescale in the 
Milky Way today (see section 4.2 in 1 m 1 4) . i.e., efficient destruc¬ 
tion in the ISM at later times . However, there is a major problem 
with s cenario 2 as well. Recent detections of cold dust in SNRs 
(e.g.. iMatsuura et al]|201 ll : iGomez et al Jl20 1 2t) show that, at least 
in the local Universe, supernovae must be efficient dust produc¬ 
ers. [mmS suggested an effective stellar dust yield which depends on 
metallicity such that there is a transition from inefficient to efficient 
stellar dust production at some point. But this effect cannot easily 
be disentangled from the effects of the evolutionary histories of the 
galaxies. Many local galaxies have had a formation scenario which 
is incompatible with a ‘closed box’, so the effective metallicity de¬ 
pendence may actually include effects of baryonic infall. 

In Scenario 3, where the effective stellar dust yield is y A = Z d , 
a more or less sudden occurrence of dust can be achieved without 
being at odds with the SN dust production observed in the present- 
day Universe. Since the astration of dust is exactly cancelled by the 
stellar dust production in this model, the production and destruc¬ 
tion of dust is effectively due to processes in the ISM only. Because 
Vd = Zd, the natural initial conditions Zd(0) = 0, Z(0) = 0 will 


be problematic. However, assuming that the initial conditions are 
set by some very brief initial phase of stellar dust and metals pro¬ 
duction (e.g. from Population III stars) the initial conditions may 
satisfy 1 » Z d (0) > 0, 1 » Z(0) > 0. In the models shown in Fig. 
|T](solid grey lines), it has been assumed that Z d (0) = 5.0 ■ 1(T 7 and 
Z(0) = 5.0-1(T 5 , which corresponds to a dust-to-m etals ratio of just 
1%, consistent with what i s found for I Zw 18 dFisher et alj|2014| : 
iHerrera-Camus et al.l2012l ). The dust production is very rapid dur¬ 
ing the most intense phase of dust condensation. The transition 
from essentially dust free to highly dust enriched is so fast (the 
expected timescale for A1687-zDl is ~ 0.1 Gyr) that transitional 
objects should probably be difficult to find observationally. Effec¬ 
tively, the model then predicts an apparent dichotomy: a galaxy will 
either be dust-free or very dusty. This is not fundamentally different 
from scenario 2, but the jump is slightly faster and, as mentioned 
above, the model does not violate the observational fact that local 
SNe produce dust. The shaded area in the left panel of Fig.|T]shows 
where early metal-poor galaxies are expected to be found film et al .1 
120131 ). which is also where the LBG Himiko is likely located, al¬ 
though the non-detection of dust results in an upper limit that is 
similar to the Md/M stars values of the other SBGs. However, in sce¬ 
nario 3, galaxies seem to naturally evolve towards this anticipated 
sequence in Fig.Q] 

The effective stellar dust yield required to explain A1689-zDl 
with only stellar dust is y d ^ 0.035. This value suggests a very high 
degree of dust condensation since the required metal yield is simi¬ 
lar, assuming that A1689-zDl has roughly solar metallicity. More¬ 
over, it suggests the efficiency of metal production should be higher 
than in, e.g.. the Milky Way and because of the M~ t ^ s trend seen in 
Fig.Q]the efficiency should decrease with galaxy mass, as discusses 
above. There can be two main reasons for this: (1) the effective IMF 
is more top-heavy in less massive star-forming galaxies; (2) the ac¬ 
cretion (infall) of gas continues for a longer time in more massive 
galaxies, which wil l appear as a sm aller effective yield if assumed 
to be closed boxes fedmundslll990l ). The latter reason is probably 
the less important one, since it can only amount to approximately 
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a factor of two. Also, the fact that the amount of metals relative to 
the stellar mass is smaller in, e.g., the LMC, which has a total mass 
similar to A1689-zDl, is indicative of a difference in the absolute 
efficiency of metal production. Such a situation could occur if the 
IMF is biased towards formation of massive stars. A ‘top-heavy 
IMF’ to explain early SBGs has in deed been suggested in previous 
work (e.g.. [Gall, Andersen & Hiorthl 12011 a,bj) and may also be of 
importanc e for the early chemical evolution of the Milky Way (see, 
e.g.. lMattssonll2010h . which is why this explanation is not too far¬ 
fetched. Note, however, that the effective yield is likely not varying 
much for local galaxies, because Mi/M stals is not showing much 
variation with stellar mass. 

Despite the need for a high metal yield, A1689-zDl does not 
seem to have a peculiar evolution, though. As shown in the right 
panel of Fig. Q] models assuming an e-folding gas-consumption 
timescale of r* ~ 1 Gyr will reproduce the dust-to-stellar mass 
ratio at the correct redshift. A formation timescale of about 1 Gyr 
is what is expected for the early formation phase of the Milky Way 
(see, e.g.. iMattssoiiteOllj and references therein), when the halo 
and the thick disc is expected to have formed, which suggests the 
evolutionary rate of A1689-zDl is not extreme. 


4 CONCLUSIONS 

Two of the considered scenarios predict the coexistence of two dis¬ 
tinctly different types of galaxies at high redshift: the very dusty 
galaxies and the essentially dust-free galaxies. In these models 
galaxies will be dusty as soon as they begin to reach an evolved 
state (with the transition phase from ‘unevolved' to ‘evolved’ de¬ 
fined as the phase when M gas /M tot ~ 0.5) and the transition takes 
place on a Myr timescale, i.e., it is very rapid. This is in accor¬ 
dance with recent results indicating rapid evolution at high redshift 
and that large dust masses appear as soon as there is enough metals 
to form dust efficiently. A far-reaching consequence is that stellar 
dust production is relatively insignificant, contrary to what has been 
suggested based on recent dis cove ri es of large cold-dust masses in 
supernova remnants (e.g. jMatsuura et al.l201lh . However, scenario 
3 is at the same time consistent with highly efficient dust produc¬ 
tion in supernovae in the local Universe since the stellar dust yield 
increases with the dust-to-gas mass ratio. 

In summary, it has been suggested that: 

(i) Galaxies at high redshift are either dusty or dust-free, where 
the latter type is statistically underrepresented due to the relatively 
short time (a few Myr at most) spent in that phase. 

(ii) Galaxies at high redshift stay dusty for a considerable time 
after their rapid transition from essentially dust-free to dusty. 

(iii) Less massive galaxies must produce more metals per gener¬ 
ation of stars, indicating a top-heavy IMF, compared to more mas¬ 
sive galaxies. 

(iv) There is a ‘universal dust mass’, i.e., both local and high- 
redshift SBGs have very similar dust masses irrespective of their 
total/stellar masses, which is probably a consequence of (ii) and 
(iii) in combination. 

(v) A1689-zDl is a galaxy with normal evolution, but likely 
with a very top-heavy IMF. 

As a final remark, one may note the following: the dust content 
of galaxies depends on essentially just one parameter - the rnetal- 
licity - which in turn is mostly a reflection of how much star forma¬ 
tion a galaxy has undergone in the past, regardless of its redshift. 


These galaxies may not be so special after all, but only at high red- 
shifts may two seemingly similar galaxies have vastly different dust 
content, because the rapid formation and evolution enables a very 
sudden appearance of dust once a critical metallicity is reached. 
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